Cellulolytic clostridia use a highly efficient cellulosome system to degrade polysaccharides.
) factors that have cognate membrane-associated anti-σ I factors (RsgIs) which act as polysaccharide sensors. In this work, we analyzed the structure-function relationship of the extracellular sensory elements of Clostridium (Ruminiclostridium) thermocellum and Clostridium clariflavum (RsgI3 and RsgI4, respectively).
These elements were selected for comparison, as each comprised two tandem PA14-superfamily motifs. The X-ray structures of the PA14 modular dyads from the two bacterial species were determined, both of which showed a high degree of structural and sequence similarity, although their binding preferences differed. Bioinformatic approaches indicated that the DNA sequence of promoter of sigI/rsgI operons represents a strong signature, which helps to differentiate binding specificity of the structurally similar modules.
The σ
I4
-dependent C. clariflavum promoter sequence correlates with binding of RsgI4_PA14 to xylan and was identified in genes encoding xylanases, whereas the σ I3 -dependent C. thermocellum promoter sequence correlates with RsgI3_PA14 binding to pectin and regulates pectin degradation-related genes. Structural similarity between clostridial PA14 dyads to PA14-containing proteins in yeast helped identify another crucial signature element: the calcium-binding loop 2 (CBL2), which governs binding specificity.
Variations in the five amino acids that constitute this loop distinguish the pectin vs xylan specificities. We propose that the first module (PA14 A ) is dominant in directing the binding to the ligand in both bacteria. The two X-ray structures of the different PA14 dyads represent the first reported structures of tandem PA14 modules.
K E Y W O R D S
anti-sigma factors, biomass sensing, cellulosome, crystallography, RsgI, sigI, sigma factors
Abbreviations: CBL, calcium-binding loop; CBM, carbohydrate-binding module; GH, glycoside hydrolase; RsgI, anti-σ I factor; sigI, sigma I (σ I ) factor.
| INTRODUCTION
Cellulolytic clostridia, notably Clostridium (Ruminiclostridium) thermocellum, have been extensively studied for their remarkable ability to ferment plant-derived polysaccharides. 1, 2 The biomass degradation is performed by a highly efficient multi-enzyme system called cellulosome. 3 Genomes of cellulosome-producing bacteria encode a large variety of saccharolytic enzymes, including cellulases, hemicellulases, and pectin-degrading enzymes. 3, 4 During the saccharolytic process, the type(s) of enzymes that are incorporated into the cellulosome are adjusted to suit the type(s) of polysaccharide present in the biomass. [5] [6] [7] In an effort to better understand the mechanisms that govern the adjustment of the enzymatic composition of the cellulosome, our research group discovered in C. thermocellum a collection of eight RNA polymerase alternative sigI (σ I ) factors ( Figure 1 ). 8, 9 Six of these σ or a glycoside hydrolase (eg, GH10 and GH5 families). The RsgI-borne sensory elements are displayed on the cell surface, suggesting that RsgIs may act as polysaccharide sensors. 8 Furthermore, the expression of σ
I1
to σ I6 was shown to be affected by the presence of different polysaccharides in the growth medium (eg, cellulose and xylan). 9 Recent publications have shown that these sensing systems are also present in other cellulosome-producing bacteria, namely, Clostridium (Ruminiclostridium)
clariflavum (Figure 1 ), Clostridium (Ruminiclostridium) straminisolvens, Clostridium sp. Bc-iso-3, Acetivibrio cellulolyticus, and Bacteroides (Pseudobacteroides) cellulosolvens.
10,11
Alternative σ factors are highly promoter specific. [12] [13] [14] In this regard, a recent study showed that the C. thermocellum σ I3 factor is involved in the regulation of genes encoding pectin-degrading enzymes by using highly stringent promoter sequences. 10 These observations correlate with the binding capacities of the sensory element of the anti-σ I3 factor, which comprises two tandem PA14 motifs that bind pectin. 8 The PA14 motif is a conserved protein module, possessing a core In the present work, we combined biochemical analysis, computational biology and structural methods to better understand the relationship between the comparative binding specificities of RsgI-based PA14 modular dyads and the respective regulons of their cognate σ I factors in two different clostridial species. The term, dyad, as used in this article, differs from the crystallographic meaning as dimers. In this article, dyad refers to a modular element comprising two parts and is consistent with the term modular dyad as used previously. [24] [25] [26] [27] By using bioinformatic approaches, we showed that the σ I4 of C. clariflavum appears to be involved in the regulation of genes encoding mainly xylanases, as opposed to σ I3 of C. thermocellum that was previously shown to be involved in the regulation of genes encoding mainly pectinases. These results correlate well with the binding capacities of the sensory elements that comprise PA14 dyads in their cognate RsgIs.
The crystal structures of the PA14 modular dyads in both C. thermocellum and C. clariflavum showed a high degree of similarity 
| Protein purification
The cell pellet was resuspended in sonication buffer (50 mM sodium phosphate buffer pH 7.6 containing 300 mM NaCl, glycerol 10%, and imidazole 10-20 mM), and the suspension was sonicated in an ultrasonic processor (Misonics, Seoul, Korea) until the suspension clarified. 
| SDS-PAGE-based carbohydrate-binding assay
Qualitative carbohydrate-binding assays were performed as described previously. [30] [31] [32] In brief, protein samples (50 μg in a total volume of 200 μL in buffer containing 50 mM Tris-HCl, pH 8.4, and 150 mM NaCl)
were mixed with various polysaccharides (5 mg; Sigma Chem. Co., St Louis, MO): microcrystalline cellulose (Avicel), 1% amorphous cellulose. 33 The respective contents of the xylans from different sources were as follows (Sigma): Oat spelt xylan (10% arabinose, 15% glucose, and 70% xylose), birchwood xylan (90% xylose), and beechwood xylan (90% xylose). Pectin from apple (70-75% esterification), polygalacturonic acid, lichenan, and starch were also purchased from Sigma. CaCl 2 (10 mM) was included in assays containing pectin and polygalacturonic acid in order to precipitate the polysaccharides, since both are soluble in the absence of calcium. In specified assays, including xylan, 10 mM EDTA was included in the mixture. The mixtures were maintained at room temperature for 60 min with gentle rotation, then centrifuged at 12 000g for 5 min to sediment the polysaccharide and bound proteins. The supernatant (containing unbound proteins) was recovered and applied to SDS-PAGE gels. The polysaccharide precipitates were also washed four times with 1-mL aliquots of buffer. After centrifugation, the polysaccharides were resuspended into 200 μL of the same buffer and placed in a boiling water bath for 10 min. After centrifugation, the supernatant was recovered, and the proteins were subjected to SDS-PAGE. Each assay was repeated at least three times. AB from C. thermocellum and C. clariflavum, respectively. X-ray data were collected on a Dectris PILATUS 6M pixel detector at 100 K.
| Crystallization and data collection

| Structure determination and refinement
The crystal structure of the C. thermocellum PA14 A was determined by molecular replacement using Molrep implemented in the CCP4i suite, 34, 35 using the atomic coordinates from the anthrax protective antigen, PDB entry code 1ACC, as a search model. Although there is only 25.6% sequence identity between the two proteins, the structure of PA14 A was successfully resolved. The model of PA14 A was refined using REFMAC 36 as implemented in CCP4. The iterative model building and correlation to the electron density maps were conducted via COOT. 37 Water molecules were added by ARP/wARP. 38 The structure of the PA14 B was determined by molecular replacement using PA14
A as a search model. The structure of the PA14 AB was determined by two-step molecular replacement (MR), using Molrep 34 from the CCP4 program suite. 35 In the first step, the coordinates of C. thermocellum
PA14
A were used as a search model for molecular replacement. Consequently, the PA14 A coordinates were used as a fixed model, and the coordinates of PA14 B were used as a search model. The initial coordinates that were obtained (including both PA14 A and PA14 B ) were subjected to ARP/wARP 38 for model building, followed by further refinement with CCP4, and manually rebuilt using Coot, until convergence ( Table 1 ). The structure of the C. clariflavum PA14 AB was determined and refined via a similar procedure as that used for
However, anisotropic temperature factors were refined due to the high resolution ( Table 1 ). The refined structures and the corresponding amplitudes of the structure factors have been deposited in the PDB with accession codes 6QDI and 6QE7.
| Bioinformatics
Protein structure databases were searched for similar structures with the PA14 A and PA14 B modules as queries. 39 Phylogenetic analysis of σ I s was conducted using the MEGA7 program 40 (http://www.megasoftware.net/)
and multi-sequence analysis of σ I s was performed using the MUSCLE 41 algorithm, implemented by MEGA7. The evolutionary history of 66 nucleotide sequences was inferred using the Neighbor-Joining method 42 with 2000 bootstrap replicates. 43 The evolutionary distances were computed using the Maximum Composite Likelihood method. 44 The phylogenetic tree was visualized and annotated with the online tool Interactive Tree Of Life (iTOL; available at: http://itol.embl.de/). 45 DNA promoter motif searchers were carried out using the program Pattern Locator 46 (http://www.cmbl.uga.edu/software/patloc.html) and analyzed with the Jalview software. 47 Multiple DNA sequence alignments were performed using the T-Coffee algorithm 48 provided by Jalview. DNA sequence logos were generated with the program Outlier, % 0 0.5
Note: Quantities in the parentheses are defined for the last shell.
3.3 | The promoter sequence of the sigI/rsgI operon represents a strong signature for differentiating the binding specificity of the PA14 modules
Previous work indicated that C. thermocellum σ I3 and σ I11 from B. cellulosolvens use highly conserved promoter sequences to regulate genes encoding pectin-degrading enzymes. 50 In order to identify the conserved promoter motif for genes encoding xylan-degrading enzymes, we performed bioinformatics analysis to identify the putative regulon of C. clariflavum σ
I4
. We first compared the promoter regions of C. clariflavum sigI4 and
A. cellulolyticus sigI4 to the previously predicted σ I -dependent promoter of B. cellulosolvens sigI1. 50 As shown in Figure 4A , the predicted −35 region of the putative σ I promoter of C. clariflavum sigI4 has a conserved AAAA tetrad, and a conserved CGA triad three nucleotides upstream of the latter tetrad. A conserved CGAAT pentad can be observed in the predicted −10 region ( Figure 4A ). The spacer between the −35 and −10 region is 13 nucleotides ( Figure 4A ). Assuming that C. clariflavum sigI4 is autoregulated, as has already been shown in F I G U R E 2 Binding of RsgI-borne PA14 modules from (A) C. thermocellum and (B) C. clariflavum to complex polysaccharides. Proteins were incubated with the insoluble polysaccharide, followed by centrifugation to separate pellet and supernatant, both of which were subjected to SDS-PAGE. The bound protein fraction (B) settled with the polysaccharide-containing pellet, whereas the unbound, noninteracting fraction (U) remained in the supernatant fluids. (C) Binding of C. clariflavum PA14 AB to oat spelt xylan in the presence of calcium or EDTA The results of the above-described bioinformatic analysis indicate that C. clariflavum σ I4 most likely regulates genes encoding xylandegrading enzymes, and hence, C. clariflavum RsgI4 likely senses xylan. This correlates well with the binding capacities of the C. clariflavum RsgI4 PA14 AB dyad. We have thus concluded that the promoter sequence of the sigI/rsgI operon represents a strong signature which can be used to identify binding specificities of similar modules.
| Crystal structures of C. thermocellum and C. clariflavum PA14 AB modules
In order to study the mode of action of the C. thermocellum RsgI3 and C. clariflavum RsgI4 to the target polysaccharides, we determined the X-ray crystal structures of both dyads from each of the two clostridial species. It is important to mention that the term, dyad, used here does not follow the crystallographic definition of dyad as having a twofold axis that forms a dimer. The C. thermocellum PA14 AB dyad was crystallized and diffracted to a resolution of 2.06 Å ( Figure 5A) , and the C. clariflavum PA14 AB dyad crystal diffracted to 1.13 Å ( Figure 5D ).
The statistics and data collection are given in Table 1 . The structures were submitted to the Protein Data Bank (PDB: 6QDI and 6QE7).
The C. thermocellum and C. clariflavum RsgI-PA14 modules exhibit β-barrel structures, typical to those displayed by other PA14 modules, The two aspartate residues (DcisD) positioned in cis orientation are rare and assume a structurally unfavorable conformation. In proteins for which the DcisD motif has been described, 18 the motif is highly con- C. thermocellum PA14 B is unable to bind pectin on its own, indicating that a calcium ion is essential for the ability to coordinate the polysaccharide.
| The calcium ion of CBL2 is involved in direct interaction with the ligand in RsgI_PA14 modules
Structural comparison of the clostridial PA14 modules with the yeast PA14 modules revealed that the position of the calcium ion in CBL2
is highly conserved between the Ca. glabrata epithelial adhesins, S. cerevisiae flocculins, and clostridial RsgI_PA14 modules ( Figure 7B ). This is in addition to the presence of the conserved DcisD motif ( Figure 7C ). Therefore, we assumed that the substrate-binding site of 3.7 | The protein sequence of CBL2 represents a signature for differentiation of xylan vs pectin binding by RsgI_PA14
Bioinformatics helped us to understand that the sigI/rsgI promoter sequence and the sequence of the sigI factor itself together dictate which kind of polysaccharide will be bound to the cognate RsgI PA14
module. In addition, review of the structural literature for PA14 modules revealed that prior to publishing the first PA14 modular structures, Zupancic et al 19 performed sequence swapping between various epithelial adhesins (Epas) and mapped a five amino acid region important for substrate binding specificity, within the PA14 module.
In the 3D structure of Epa1a (PDB 4ASL), this region comprises the CBL2, which was shown to be directly involved in the interaction with the carbohydrate substrate ( Figure 5 black square). Mutation of some key amino acids in this loop, specifically E227 and Y228 (first two amino acids of CBL2) affects the specificity of carbohydrate recognition by Epa1a. 28 These results would imply that the CBL2 sequence defines substrate recognition in B. cellulosolvens PA14 A ( Figure 6 PA14A_Bccel) and Acetivibrio cellulolyticus PA14 A ( Figure 6 , PA14 A _AceCel). Their CBL2s comprise residues NNTGN and NNTGY respectively, which are very similar to CBL2 from PA14 A of C. clariflavum (NNTGN; Figure 6 , black square). Three of them were predicted to bind xylan according to the promoter sequences of their respective genes and were verified experimentally. 50 The supporting observation that the sequence of CBL2 is conserved within the group of pectin-binding bacteria was also detected in the sequences of CBL2 from C. straminisolvens and C. sp., that comprise residues QHVRA and QHVRD, respectively, which are very similar to CBL2 from PA14 A of C. thermocellum (QHVRA) (Figure 6 , black square). The sequences of CBL2 in both pectin-sensing and xylan-sensing RsgI 
| Summary
Since the recombinant PA14 dyad from an RsgI of C. thermocellum (Cthe_0316) binds pectin strongly, it was thus initially expected that a similar PA14 dyad, discovered in an RsgI (Clocl_2747) of a related bacterium, C. clariflavum, would also bind pectin. Surprisingly, despite the strong sequence and structural similarity to the C. thermocellum protein, the It is important to consider comparison between PA14 and CBM modules. Most CBMs possess calcium atoms in their structures, however calcium generally plays a structural role, and its removal by chelation does not affect its carbohydrate-binding ability. 31, 32 However, several CBM families, which, according to classification by Boraston et al, 58 belong to CBM type C, utilize calcium for recognition of their substrate polysaccharides, by either direct interaction of calcium with the hydroxyls of the sugar ring or with carboxylate moieties on a relevant carbohydrate. 59 These families are CBM35, CBM36, CBM60, CBM6, and CBM62. 37, [60] [61] [62] [63] Despite the fact that selected PA14s clearly bind carbohydrates, and in this particular case, calcium is directly involved in the interaction with the carbohydrate substrate, PA14 has yet to be classified as a bona fide CBM family.
| CONCLUSIONS
Redundancy is a common phenomenon in nature. Here, we detected three types of signature that allow differentiation of the function of the different sigI/rsgI pairs for targeting pectin vs xylan substrates, using very similar PA14 dyads as biosensors. The first relies on the DNA sequence of promoter region of the respective sigI/rsgI operon. This is a strong tool to predict the actual target of apparently similar protein biosensors. The second signature is based on the high similarity of the DNA sequence of related sigma factors, as reflected in their phylogenetic relationship. The third is based on the sequence similarity of specific regions within the CBL2 of the PA14A modules. Therefore, the same binding specificity data is "coded" at several biological levels and not only derived from protein structure. The present study provides a simplified method for predicting sugar binding specificity of newly discovered PA14 modules from sigI/rsgI operons.
